Self-Compacting Concrete (SCC) is an upcoming building material which is characterized by many favourable hardened and fresh concrete properties. However, like all concretes, also SCC has the disadvantages of a low tensile strength and a large brittleness. To improve the tensile strength, the ductility and the toughness it is useful to reinforce the concrete with steel, glass or synthetic fibres. In practice, the often favoured steel fibres are available in a very wide variety regarding characteristics like strength, size, shape and surface properties.
INTRODUCTION
Steel fibre reinforced concrete (SFRC) has been used in construction practice for about 40 years. The main applications of this building material are industrial floors and foundations. If in addition to the steel fibres an ordinary bar or mesh reinforcement is arranged then also walls, beams and slabs can be advantageously produced with SFRC. Furthermore, SFRC is often utilized for the strengthening of existing members and for waterproof constructions.
The most important benefits of the addition of steel fibres to a concrete mix are the hindrance of the development of microcracks, the delay of the propagation of microcracks to macroscopic cracks and the better ductility after macrocracks have been occurred. In case of very high fibre contents (overcritical fibre content) it is even possible to increase the tensile strength of SFRC in comparison to those of plain concrete. This circumstance is coming true if the steel fibres are able to transfer higher tensile forces over the crack plains than are set free in the crack (Fig. 1) . However, in practice undercritical fibre contents of about 30 kg/m 3 to 60 kg/m 3 are often preferred, resulting in a lower residual tensile strength after cracking. The hardened material properties of SFRC are chiefly influenced by the matrix properties, the fibre type and the fibre content. Regarding the fibre type the following parameters need to be considered: fibre material (steel, glass, synthetic), strength of fibre material, fibre geometry (length, diameter), fibre shape (straight or deformed fibre, fibres with or without end hook) and surface properties (smooth or rough surface, deformed surface). Presently, there is a large amount of different fibre types disposable, some examples are shown in Fig. 2 .
In this context it is difficult to assess, which of the existing fibres would be the best one for the utilization in practice under consideration of the requested fresh and hardened material properties. To solve this problem and for a better understanding of the load-bearing behaviour of SFRC members experimental steel fibre pull-out tests are useful.
It seems to be a successful way to combine the favourable hardened material properties of SFRC with the advantages given by the fresh concrete properties of a self-compacting concrete. For this reason an experimental research program was started at the Leipzig University of Applied Sciences (HTWK Leipzig), focused on the pull-out behaviour of different steel fibre types in self-compacting concrete. The total program will be finished in the year 2006; first results are presented in the following passages.
EXPERIMENTAL PROGRAM 2.1 Overview
In the first part of the study which is described in this paper, two different steel fibres were tested. The test program was divided in two separate parts which differed mainly in the specimen shape. Furthermore, with the first part we investigated the influence of the concrete type.
For comparison a self-compacting concrete (SCC-1) and a normal vibrated concrete (NC) of similar strength were used. In part two only self-compacting concrete (SCC-2) acts as fibre embedding matrix.
In total an amount of about 1.800 single steel fibre pull-out tests were performed. For these fibres the influences of the fibre end hook -especially focused within part one, the embedment depth and the concrete age on the pull-out behaviour were determined. The w/b ratio was 0.43 for the SCC and 0.45 for the NC and therefore roughly in the same level. The same cement type (CEM I 42.5 R) and the same polycaboxylate-based superplasticizer were applied for the SCC and the NC. The consistency of the NC was checked by the flow test with the cone according to the German standard DIN 1048 [1] . The flow was 46 cm, a value that corresponds to a good workability.
Hardened material properties
The hardened material properties were measured in concrete ages of 3, 7, 14 and 28 days. The most important results are shown in Fig. 3 . SCC-1 and SCC-2 are of the same mix composition as the SCC given in Table 1 . The digits simply define the two different parts of the test program.
Applied Fibres
In the study two steel wire fibres with end hooks were applied, where both fibres had the same length l of 50 mm, Fig. 4 . The diameter d of the fibres differed, fibre type 1 with a diameter of 1 mm and fibre type 2 with a diameter of 0.8 mm. The tensile strength of the fibre material was about 1.100 N/mm². 
Pull-out tests

Basic thoughts
The main objective of these pull-out tests of fibres embedded in self-compacting concrete was to investigate if the higher content of ultrafines in SCC influences the bond behaviour and therefore the pull-out response of the fibres.
That's why in the first part of this test program two different hooked steel fibres embedded in SCC (SCC-1) on the one hand and in a comparable NC on the other hand were tested.
The fibres were embedded single-sided, centrically in cubic specimens 100 x 100 x 100 mm in dimension. The embedment depth varied between 25 mm (0.5 fibre length), 17.5 mm (0.35 fibre length) and 12.5 mm (0.25fibre length). The casting direction was perpendicular to the fibre axis. Contrary to the SCC specimens the NC specimens required vibration energy. After 3 and 28 days water curing 10single fibres of the same initial parameters were tested: 5 pull-outs with a displacement rate of 0.5 mm/min and the other 5pull-outs with a displacement rate of 1 mm/min. The tests were performed displacement controlled by an electromechanical test machine with a capacity of 2kN, which gives precise recordings of the expected low loads regarding the range of tolerance of the testing machine. The displacement was measured by two LVDTs indirectly on the surface of the specimen.
By running these test series a comparison between the pull-out response of equal fibres with end hooks embedded in SCC (SCC-1) and NC influenced by the concrete age and the displacement rate could be drawn.
Another important fact which should have been investigated with this research was the effect of the end hook, because the bond behaviour of a straight and a deformed fibre differed in one parameter -the mechanical clamping. The pull-out process needs to be divided in three mechanisms. Adhesion (elastic shear bond) in the first state of loading and friction (frictional shear bond) resulting in relative displacements after loss of adhesion. This gradual debonding is defined by the interfacial bond properties and can be observed with straight fibres. Due to the geometry of hooked fibres, they show another mechanism. Thus a mechanical interlock between the fibre and the matrix allows an additional load transfer [3] .
Therefore, also in the first part of this test program, the hook of the fibres had been cut of and the same test series were carried out just without the end hook.
The elimination of the end hooks should give tendencies regarding the influence of the mechanical clamping on the pull-out loads.
In the second part of this test program the specimen geometry was changed to 45x45x0mm aiming a higher amount of pull-out tests with one series. Also the casting direction was modified. The fibres were embedded parallel to the casting direction on the bottom of the moulds. Each series about 62 specimens only with SCC (SCC-2) were cast with an embedment depth of the fibres of 25 and 12.5mm. So the average value of the maximum pull-out load seems to be more realistic concerning the high scattering.
Furthermore, it was established that the geometry of the end hooks differs. Therefore we distinguished pull-out tests where fibres with long (l_eh) and short end hooks (s_eh) were used, Figure5. Additional to fibres embedded in concrete at the age of 3 and 28days specimens at a concrete age of 14, 56 and 84 days were tested to get more information about the influence of the compressive strength. With the realisation of the negligible influence of the displacement rate especially with regard of the high scattering of the maximum pull-out load tests were performed with one speed of 1mm/min. eh …with end hook wo_eh…without end hook l_eh…with long end hook s_eh …with short end hook
Test results
Influence of the type of concrete
Regarding the investigated concretes it was generally shown that with comparable compressive strengths the pull-out loads of the fibres embedded in SCC are higher than those fibres embedded in NC, independent of the concrete age or the embedding depth.
However, in case of fibre type1 (l/d:50) this tendency is more distinctiv than in case of fibre type2 (l/d:62.5). But each fibre type shows higher differences of the pull-out loads with SCC and NC at an embedding depth of 12.5 mm compared to an embedding depth of 25mm. This might be explained by the fact, that with NC the pull-out loads decrease with decreasing embedding depth. In contrast fibres embedded in SCC show approximately the same or even higher pull-out loads with decreasing embedding depth.
This comparison implies an influence of the concrete composition on the interface of fibre and surrounding matrix and therefore on the bond behaviour. Might be the higher content of ultrafines l_eh -long end hook inclination: 30° s_eh -short end hook inclination: 50° 30° 50°
connected with a higher packing density of the matrix enables a better casing of the fibre and therefore a more effective pull-out resistance. The diagram in Figure7 shows exemplary the mean load-displacement curve of fibre type1 embedded 25mm in SCC and NC, loaded at a concrete age of 28 days. The pull-out loads at the two different displacement rates did not much differ from each other and they did not show clear tendencies.
Influence of the geometry of the fibre
The diagram of figure8 makes clear, that especially the geometry of the fibre end is of high importance regarding the maximal pull-out load. By comparison fibres with and without end hooks it can be stated clearly that the end hook increases the pull-out loads up to 500%. The influence decreases with increasing concrete age and increasing embedding depth.
Furthermore the inclination of the end hook seems to have an influence on the pull-out load at least in case of fibre type1 (l/d: 50). Thus, about 10% rising of the pull-out loads can be reached by a steeper inclination of the end hook, connected with lower deformations. In case of fibre type2 (l/d: 62.5) the pull-out loads show just negligible higher values at slightly lower deformations. 
Influence of the concrete age
The compressive strength influences the pull-out loads but not in the expected order of magnitude, Figure9 and 10.
That means with increasing concrete age and corresponding higher compressive strength the ultimate load increases as well. However, in comparison of the development of the compressive strength and the development of the pull-out loads a proportionately lower increase of the pull-out loads was established. In case of fibre type1 (l/d: 50) these tendencies are more developed as with fibre type2 (l/d: 62.5). Thus, with doubling the concrete age an increase of the pull-out loads of about 5% can be reached with fibre type 1 but only 3% in case of fibre type2. That means the influence of the inclination of the end hook seems to be more influential than the compressive strength. In accordance with the larger stressed cross-section area fibre type1 (l/d: 50) shows higher pullout loads than fibre type2 (l/d: 62.5). With the fibres embedded in SCC the differences run up to 36-58% depending on the embedding depth. This decrease is similar to the reduction of the crosssection of 36%. With NC both fibre types don't show this marked difference, only about 18-24%.
Figure11 shows exemplary the comparison of the load-displacement curves of fibre type2 embedded in SCC. 
Influence of the embedding depth
Regarding the embedding depth no general statement can be given.
With the anchorage ground of conventional concrete the pull-out loads decrease with decreasing embedding depth. In contrast the pull-out loads of fibres embedded in SCC don't show any dependence on the embedment in this manner. Due to the high scattering of the pull-out loads the differences of the measured values regarding the changed embedding depths are in the same order of magnitude and therefore the influence of the embedding depth seems to be negligible. Besides, the maximum loads of the fibres embedded 12.5mm in SCC are almost the same as that ones of fibres embedded 25mm in SCC or sometimes even higher.
SUMMARY AND OUTVIEW
Regarding the whole test program we can summarize the results as follows: -The scattering of the pull-out loads of one test series is very high (about 20%). -The influence of parameters like type of concrete, concrete age and fibre geometry is more distinct with fibre type1 with a lower l/d-ratio of 50 than with fibre type 2 with l/d-ratio of 62.5.
-The bond behaviour of fibres embedded in SCC is better than of those fibres embedded in NC. Thus the fact of the improved interface between fibre and matrix with SCC was reflected in the higher pull-out loads.
-The end hook is of high importance to get effective pull-out loads. Furthermore, the ultimate loads can be increased with raising inclination of the end hook.
These cognitions indicate just tendencies of the pull-out behaviour of some special fibre types, which should be more investigated in future. Especially the effect of the end hook geometry seems to be an interesting fact focusing on following test series.
